Raman-based technologies have enabled many ground-breaking scientific discoveries related to surface science, single molecule chemistry and biology. For example, researchers have identified surface bound molecules by their Raman vibrational modes and demonstrated polarization-dependent Raman gain. However, a surface constrained Raman laser has yet to be demonstrated because of the challenges associated with achieving a sufficiently high photon population located at a surface to transition from spontaneous to stimulated Raman scattering. Here, advances in surface chemistry and in integrated photonics are combined to demonstrate C., and A. M. A. designed the experiments. H. C. fabricated the devices. X. S. functionalized the devices. X. S and H. C. conducted testing and data analysis. W.Z. conducted DFT simulation of the model molecules. D. C. performed the FEM simulation. X. S., H. C., and A. M. A. wrote the manuscript. All authors revised and commented on the manuscript. All authors have given approval to the final version of the manuscript and supplementary information.
lasing based on surface stimulated Raman scattering (SSRS). By creating an oriented, constrained Si-O-Si monolayer on the surface of integrated silica optical microresonators, the requisite conditions for SSRS are achieved with low threshold powers (200µW). The expected polarizationdependence of the SSRS due to the orientation of the Si-O-Si bond is observed. Due to the ordered monolayer, the Raman lasing efficiency is improved from ~5% to over 40%.
Introduction
Since the first Raman laser based on a gas cell 1 , Raman lasers have been demonstrated using a wide range of platforms including optical fibers [2] [3] [4] , integrated devices [5] [6] [7] , nanocrystalline particles [8] [9] [10] , and bulk crystals 11, 12 . These lasers rely on a nonlinear optical process called stimulated Raman scattering 13 . In a spontaneous Raman scattering process, an initial pump light interacts with a nonlinear medium and spontaneously generates a longer wavelength emission signal. This signal is Stokes-shifted from the initial pump wavelength by a frequency difference equal to the atomic or molecular vibration frequency of the material 14 . If a sufficient population of Stokes-shifted photons is present when a new Stokes-shifted photon is generated, the rate of the photon generation is increased, and the system transitions from the linear spontaneous Raman to the nonlinear stimulated Raman scattering (SRS) process 13 . Due to the versatility and tunability of the emission wavelength, leveraging SRS for laser development is a popular strategy. However, these devices all rely on the bulk material for generation of the SRS which is distinctly different from a surface SRS (surface stimulated Raman scattering) behavior [15] [16] [17] .
In a surface Raman process, the Raman scattering intensity is dominated by the orientation of the vibrational mode with respect to the polarization of the incident wave at the surface 18-20 .
Therefore, achieving SSRS requires two criteria to be met simultaneously. First, the polarization of the incident optical field must be aligned with the vibrational mode of the molecule 13, 18 , and second, there must be a sufficient number of incident photons to transition from spontaneous to stimulated Raman scattering. Therefore, one key challenge is efficiently exciting or injecting photons into the surface layer. Previous work has investigated Raman signals generated by molecular monolayers deposited randomly on the surface 15 ; however, only extremely weak Raman signals were observed in these measurements due to the lack of alignment of the Raman gain with the incident field 21 . Additionally, given the random nature of these films, all information regarding the polarization at a molecular level was obscured. Therefore, to realize SSRS and study the fundamental physics, it is necessary to establish a high intensity optical field of a single polarization that is aligned with the molecular vibrational modes. This precision requires a combination of innovations in optical physics and surface chemistry.
One solution for creating the required highly defined and intense optical source can be found in integrated photonics 22 . Many on-chip devices including waveguides and resonators support evanescent fields that create the requisite surface propagating excitation source ( Figure   1a ). Among the possible device types, whispering gallery mode optical cavities are particularly unique. These devices confine light at well-defined resonant wavelengths in circular orbits at the device-air interface with 1-5% of the optical field extending just beyond the cavity surface depending on the precise device geometry and material properties 22 . In addition, whispering gallery mode resonators with functional coatings can have quality factors (Q) in excess of 10 million, resulting in long photon lifetimes. As a result, they can act as optical amplifiers, enabling a build-up of optical power that can facilitate nonlinear phenomena [23] [24] [25] [26] [27] [28] . For example, a 50 µm diameter silica toroidal resonator with a Q of 10 million in the near-IR can increase an input power of 1 mW to approximately 100 W. In previous work, these ultra-high Q factors have been leveraged to achieve μW Raman lasing thresholds in silica devices despite the low Raman gain 29,30 . In addition, ultra-high-Q resonators overcome the challenge associated with selective probing of the polarization of the molecular Raman mode. For directional Raman modes, such as those generated by whispering gallery mode optical cavities, the Raman scattering intensity or efficiency (S) is dominated by the mode orientation (Raman tensor) and polarization geometry.
The relation can be expressed as ∝ | ⋅ ⋅ | 2 , where and are the polarization vector of the scattered and incident light respectively, and is the Raman tensor of a specific vibrational mode 32,33 . The theoretical angular dependent Raman intensity will vary as cos 2 (θ), where θ is the angle between the direction of the Raman mode and the electrical field 20,31 (Figure 1b , c). This expression suggests that the stimulated Raman scattering efficiency for a Raman mode oriented perpendicular to the surface is maximized when the mode orientation is aligned with the direction of the electric field. Silica optical resonators support both TE and TM modes which are located at distinct optical frequencies. Therefore, by selectively exciting the individual cavity modes, the polarization dependence of the surface Raman behaviour can be studied with exquisite sensitivity.
However, the alignment of the vibrational frequency (νvib) with the optical field is critical in these measurements. Therefore, a high precision surface chemistry that does not degrade the optical performance of the optical resonator and that ensures this orientation must be implemented. 
Results and Discussion
The silica toroidal whispering gallery mode resonators integrated on silicon shown in Figure 1 (b) are used as the optical resonator 34 . Two different device sizes are investigated as part of this work: 1) major diameter of 52.7 ± 8.8 μm with minor diameter of 6.7 ± 0.6 μm, and 2) major diameter of 83.3 ± 2.1 μm with minor diameter of 11.6 ± 0.7 μm. Device geometry, both major and minor diameter, governs the lasing threshold power because the optical circulating intensity is inversely proportional to device diameter. However, efficiency should be independent of either parameter. Therefore, studying multiple sizes is informative. Figure 1 Normalized electric field distribution of the fundamental TM mode in Figure 1 (e) indicates that ~5% of the optical field is at the surface of the microresonator.
Three different surface monolayer functional groups are studied ( Figure 2 (a) -(c)). The first surface group investigated is the hydroxyl (OH) layer that is intrinsic to the silica device. This layer is then exchanged with an organic methylsiloxane (-MS) or dimethylsiloxane (-DMS) molecular monolayer using a chemical vapor deposition process ( Figure S1 ). During the process, Figure S2 and references 37,38 ). Previous work has shown that this reaction is non-destructive to the device optical behaviour 39 and intrinsically selflimiting, allowing only a single molecular monolayer to form as indicated in Figure 2 . Additional verification of the surface chemistry is included in Figure S3 . Figure S4 and Table S1 ). These values are about two times larger than the silicon dioxide model molecule (0.78 x 10 -36 cm 6 /erg) due to the asymmetry that is introduced by the organic methyl group in the siloxane structure. In addition, by spin-casting each material on silicon wafers, thin film samples are prepared and analysed with Raman spectroscopy ( Figure S2 To characterize the optical resonator quality factor (Q) and the quantify the SSRS behaviour, the analysis set-up in Figure 3 Raman shifts for all devices fall within the expected range for the Si-O-Si bond (420 cm -1 to 500 cm -1 ). (e) All Raman shifts measured for all devices tested with two different polarization states.
Two different device sizes (~53 μm (hollow symbol) and ~83 μm (solid symbol)) are measured.
All values fall within the Si-O-Si vibrational band.
To more quantitatively analyse the enhancement in Raman lasing due to the SSRS, it is necessary to measure the lasing efficiency and lasing threshold. Figure 5 presents Raman lasing threshold curves for all three types of devices excited using two different optical mode polarizations. Figure 5 (a) shows the Raman lasing behaviours from two different polarization states in the OH functionalized silica devices. The similarity in slope and threshold values between the two data sets demonstrates that the polarization state of the incident field has little effect on the performance when a OH surface terminated device is used. This result is not surprising given the amorphous structure of OH device which consists of randomly distributed Si-O-Si vibrational modes resulting in polarization independent behaviour. This behaviour has also been observed in previous work with amorphous or randomly ordered materials 5, 29 . There was no difference observed for the amorphous OH device, but a strong dependence on lasing efficiency was observed for the MS and DMS functionalized devices. All data is in Table S2 and   S3 .
In contrast, -MS and -DMS devices exhibit a significant performance improvement as compared to the -OH devices, and they show a strong dependence on the polarization of the input optical light ( Figure 5 by about 1.5x, than that of the OH devices. In addition, for MS and DMS devices, the two polarizations have different thresholds, with higher efficiency devices achieving lower lasing thresholds in general. However, unlike the lasing efficiency, the lasing threshold exhibits a strong dependence on device geometry and Q. Therefore, when multiple devices are being compared, a more appropriate metric to consider is the optical intensity at threshold (Icirc,thres). This metric is calculated by converting Pthres to circulating intensity using the following expression:
Icirc,thres=Pcirc/Am where Pcirc is the circulating power at threshold and Am is the optical mode area.
Both mode area and circulating power are dependent on the major and minor radii of the device, and circulating power is dependent on quality factor. Therefore, this calculation removes the effect of optical mode variations and device to device variations. For example, using the geometries from the present experiments and assuming an input power of 1mW, the circulating intensity in the smaller devices (~53 μm) is ~ 3.96 GW/cm 2 whereas the circulating intensity in the larger devices (~83 μm) is ~ 1.76 GW/cm 2 . Therefore, it would be expected that the threshold in the smaller devices would be approximately twice the threshold in the larger devices, when presented in terms of the circulating intensity in the device. This trend is clearly observed across all data for the same device types in Figure 6 
Device Fabrication and Surface Functionalization

Fabrication of bare silica toroid
Silica toroidal microresonators are fabricated using three main steps: photolithography to define silica circles on silicon wafers, XeF2 etching to remove silicon isotropically to obtain a suspended silica disks on silicon support pillars, and CO2 laser reflow to produce silica toroids 1 . Each step will be discussed in more detail.
Intrinsic silicon wafers with a 2 μm layer of thermally grown SiO2 (WRS Materials) are cleaned using acetone, methanol, and isopropanol, then dried with nitrogen gas air gun and placed on a hot plate at 120 °C for 2 minutes to remove any possible residual solvent.
Hexamethyldisilazane (HMDS) is applied to the wafers to improve adhesion between the photoresist and the silica surface. The S1813 photoresist is spin-coated onto the wafer at 500 rpm for 5 seconds and 3000 rpm for 45 seconds, followed by soft bake at 95 °C for 2 minutes in order to harden the photoresist. Circles are patterned in the photoresist using UV intensity of 80 mJ/cm 2 . The resist is developed using MF-321 developer for 1 minute, followed by a hard bake at 120 °C for 2 minutes. The pattern is transferred into the silica using buffered oxide etchant (BOE). BOE etching takes approximately 20 minutes to etch the 2 μm thickness of the thermally grown silica. The photolithography process is completed by removing the remaining photoresist completely using another acetone, methanol, and isopropanol rinsing cycle followed by drying with a nitrogen gas air gun.
Once the photolithography steps are finished, the silicon underneath the silica circle pattern is etched isotropically using a XeF2 pulsed gas etcher, producing silica micro-disks which are elevated above the silicon substrate on pillars. The toroid fabrication process is finished by reflowing the as-prepared silica microdisks using a CO2 laser operating at 10.6 μm. Silica has high absorption at the wavelength of CO2 laser, causing the silica disk to be reflowed into a silica toroid.
Surface Chemistry
The prepared silica toroidal microcavities are treated by O2 plasma using an SCE 104 plasma system (Anatech USA) to generate hydroxyl groups on the surface. Organic chlorosilane agents (methyl trichlorosilane or dimethyl dichlorosilane) are deposited on the surface of the silica resonators using chemical vapor deposition at room temperature for about 7 min. An overview of this process and the chemical layers formed is shown in Figure   S1 . 
Surface Chemistry Characterization
Raman spectroscopy
The spontaneous Raman spectra measurements are performed using a Reinsaw InVia micro-Raman spectrometer with a 100x objective lens. The Raman spectroscopy is performed on three samples to mimic the chemical structures. The first sample is silica (a glass slide). The second and third samples are MS and DMS thin films, prepared by drop-casting methyltrichlorosilane and dimethyldichlorosilane on silicon wafers followed by exposure to water vapor for 30 min and then vacuum drying.
This sample preparation approach results in a disordered thin film which is expected to have reduced gain as compared to an oriented layer. However, the comparison between sample types should prove informative. The results are presented in Figure S2 . However, once ordered monolayers are formed using the previously described surface chemistry, the Si-O-Si Raman modes will be anchored to the surface and aligned parallel to the direction of the electrical field while the C-H Raman modes will continue to be randomly distributed and disordered. The alignment should greatly increase the signal generated. Figure S2 . Spontaneous Raman spectra of silica, MS and DMS thin films taken using a reflective micro-Raman spectrometer. Inset: The area of interest corresponding to the Si-O-Si vibration in the range from 390 cm -1 to 560 cm -1 .
X-ray Photoelectron spectroscopy (XPS)
The formation of the mono-molecular single layers is characterized by both indirect and direct methods. The indirect method leverages a mimic molecule with a Cl-substitution to enable XPS (X-ray Photoelectron spectroscopy) analysis, and the direct method uses Raman spectroscopy.
The MS and DMS molecular layers consist only of carbon (C) and hydrogen (H) atoms, and the devices contain silicon (Si) and oxygen (O). However, the sample chamber has an intrinsic high carbon background. Therefore, XPS cannot effectively determine the success of the surface chemistry due to the high background carbon signal. To address this limitation, the methyl silane is replaced by a chloro-substituted methyl silane. This substitution allows the same chemical vapor deposition method to be used to form a chlorosubstituted methyl molecular layer on the surface. The Cl acts as a label for the methyl group, enabling the monomolecular layers to be easily distinguished from the initial bare silica sample by simply tracking the peak of binding energy of chloride in the XPS spectra.
As shown in Figure S3 (a) , the XPS spectrum of the chloro-substituted methyl silane molecular layers on silica shows a characteristic peak of binding energy of Cl(2p) at about 200 eV, suggesting the formation of a grafted molecular layer on the surface of silica. Figure S3 . Characterization of the molecular monolayers. (a) Comparison of XPS spectra of a grafted chloro-substituted MS monolayer on silica and an initial bare silica. The peak binding energy at about 200 eV is the primary peak of Cl(2p) from the chloro-substituted MS molecules grafted on the surface of silica. (b) Comparison of micro-Raman spectra of a grafted MS monolayer on silica and the initial bare silica. The Raman peaks at about 2900 cm -1 originate from the methyl group of the MS molecules grafted on the silica surface. These data confirm the formation of the grafted molecular layers on the surface of silica resonators using the same chemical vapor deposition method.
To directly characterize the materials, micro-Raman spectroscopy is used.
Compared to the initial bare silica surface, the spectra of the MS or DMS coated surfaces clearly show Raman peaks at about 2900 cm -1 (Figure S3 (b) ), even though the intensity from the molecular monolayer is typical low. These peaks are the characteristic Raman peaks of C-H in methyl groups, directly confirming the formation of MS and DMS molecular layers on the surface silica.
Refractive index of organic molecules
Given the less than 1 nm thickness of the organic molecules layer, it is extremely challenging to accurately characterize the refractive index of the film with an ellipsometer.
An alternative approach to directly measuring the film index is to measure the change in free spectral range (FSR) upon the addition of the monolayer. Because the FSR is directly related to the effective refractive index of the optical mode, this method is a more accurate approach for analysing the impact of the film on the optical mode.
In a non-functionalized silica device, the effective refractive index is 1.4448. In MS and DMS functionalized devices, the effective indices are 1.4462 and 1.4463, respectively. Thus, the surface coatings have minimal impact on the refractive index, which is expected given their material composition and thickness.
Computational Modelling
Density Functional Theory (DFT) of molecular hyperpolarizabilities
The theoretical vibrational second hyperpolarizabilities of three model molecules Si(OSiH3)2(OH)2, Si(OSiH3)2(OH)(CH3), and Si(OSiH3)2(CH3)2 were computed using Gaussian 2003 software package with RHF and DFT calculations as described in previous literature 8, 9 . The levels and basis sets used here were RHF/6-311+G(3df,2p). The calculations focused on the breathing mode of the compounds around 500 cm -1 . The ring breathing mode of benzene at 992 cm -1 (ν2 in Herzberg notation) served as an internal standard to compare across molecules. Here, we used its Raman of 1.5 ×10 -35 esu, reported by Levenson and Bloembergen 10 , for the second hyperpolarizability calculations.
The simulated spectra were plotted with a Lorentzian broadening using 8 cm -1 for the full width at half magnitude (FWHM). Data are shown in Figure S4 and Table S1 .
It is important to note that the simulated spectra are for the three simplified model molecules that are not anchored to a substrate. Therefore, the results are expected to be slightly different from the experimental data of the three spun-coat deposited films or the oriented films on the device surfaces. However, the simulation results should be informative as to the relative impact of the asymmetric structure on the microscopic molecular nonlinear properties.
Frequencies were calibrated by the experimental peak position of the C-H vibration so that the peak studied for each sample was close to the experimental value of the breathing mode at ~450 cm −1 . As can be seen in Table S1 , the γ corresponding to the Si-O-Si mode are calculated to be 1.2 and 1.7 × 10 -36 cm 6 /erg for the MS and DMS model molecules, respectively. These values are approximately two times larger than the silicon dioxide model molecules (7.8 × 10 -37 cm 6 /erg). This increase is attributed to the asymmetry that is introduced by the organic methyl group in the siloxane structure. 
Finite element method (FEM) modelling of optical field
We use COMSOL Multiphysics finite element method (FEM) to model the optical modes of the cavity. Briefly, we draw a cross section of the optical resonator and solve Maxwell's equations by assuming an axially symmetric mode. The device geometries (major and minor radii) and material properties are defined by the devices used in the experiments. We chose the mesh size to be λ/8 to achieve an acceptable accuracy. Once the software solves for the optical modes, we draw lines on the equatorial plane of the resonator and calculate the electric field magnitude for all three components of the field (axial, azimuthal, and radial).
The cross section of the fundamental mode along with the field amplitude profile on the equatorial plane is shown in Figure 1 (b) in the main text. In the modelling, it is assumed that the effective refractive index of the microcavities is not changed by the presence of the ultra-thin (~1 nm) monolayer. (This assumption is verified, as described in a subsequent section.) Therefore, the presence of the monolayer does not change or distort the optical mode profile. Thus, it is expected that the optical cavity can directly and efficiently interact with the monolayer.
Optical Device Characterization
Measurement of the intrinsic quality (Q) factor
The quality (Q) factors of the devices are characterized with a tunable narrow linewidth laser operated at 765 nm (Velocity series, Newport) by coupling light into the microcavity using a tapered optical fibre waveguide. The tapered optical fibres are fabricated by slowly pulling a single mode optical fibre (F-SC, Newport) while it is heated with a hydrogen torch. The single mode of the tapered optical fibre is confirmed by an insitu transmission measurement with an oscilloscope during fabrication. The optical microcavity is aligned with the tapered optical fibre using a 3-axis nano-positioning stage.
The output from the optical fibre is sent to a 50:50 splitter, which is connected to the photodetector and the optical spectrum analyser (OSA, YOKOGAWA AQ6370C). A schematic of the set-up is shown in the main text.
The resonant wavelength is determined by scanning across a series of wavelengths.
The resonant spectrum is fit to a Lorentzian, and the loaded Q factor of the device is determined with the equation: Q = λ/Δλ, where λ is the resonant wavelength of the device and Δλ is the full-width-half-maximum of the peak, as shown at Figure S5 to calculate the intrinsic Q factor of a device. The intrinsic Q factor is determined by measuring the loaded Q from the transmission spectra over a range of coupling percentage and by removing the extrinsic losses, or in this case the coupling losses, using a coupledcavity model.
Raman lasing threshold and efficiency
The OSA is used to detect the generated Raman emission that are coupled back into the tapered optical fibre. A series of OSA spectra are obtained by finely tuning the power propagating through the tapered optical fibre. At each power, the OSA spectrum, the power out of the optical fibre, and the percentage of power coupled into the optical resonator are recorded. From the OSA spectrum, the generated Raman lasing power is recoded in the units of dBm. This value is subsequently converted to µW. The power coupled into the device is calculated by multiplying the power in the tapered optical fibre with the coupling percentage into the device. Then, the Raman lasing power is plotted as a function of the coupled power to the resonators. The data is linearly fitted as the output Raman power is directly proportional to the coupled power. In the graph, slope of the line indicates the Raman lasing efficiency while the x-intercept of the line corresponds to the Raman lasing threshold.
Comparison of Raman spectra between the aligned Si-O-Si mode and disordered
C-H mode in MS devices.
It is worth noting that emission peaks around 980 nm (Raman shift in the range of ~2850 cm -1 to ~2980 cm -1 with 765 nm pump) from the C-H stretching modes of the methyl groups on the functionalized devices are not observed, even under high input power, as shown at Figure S6 . In contrast to the oriented Si-O-Si vibrational mode that is anchored directly on the surface and highly aligned with direction of the electric field, the orientation of the C-H stretching modes of the methyl groups in the surface molecules are randomly distributed and are not parallel to the polarization direction of the electrical field. The absence of emission peaks at ~980 nm provides agrees with that the orientation of the submolecular vibrational mode is critical to the enhancement observed. nm) of the same MS device as in part (c) also pumped at ~765 nm. However, the coupled power is increased to about 1mW. Even at the higher power, no Raman peak is observed at about 980 nm corresponding to the C-H mode (~ 2900 cm -1 ).
Calculation of circulating power and intensity
To compare to performance of different devices, the threshold power needed for Raman lasing is calculated. This calculation begins by determining the circulating power inside the device (Pcirc) using:
where λ is the resonance wavelength, R is the device principle radius, Pin in the input power, Q0 is the intrinsic quality factor of the device, n is the effective refractive index, and K is the coupling coefficient, which is directly related with the transmission of the input light at the resonance wavelength as follows:
The peak intensity circulating into the cavity is presented as Pcirc/Am, where Am is the optical mode area. The value of Pcirc/Am has taken the variations in Q in different devices into account; thus, it is feasible to direct compare the Raman thresholds in different devices. The mode area is defined the below equation, and the value is calculated using the previously described FEM simulations:
. 
